Aging is associated with a decrease of extracellular matrix and an increase of senescent cells in the dermal layer. Here, to examine whether and how senescent cells are involved in aging-related deterioration of the dermal layer, we cocultured dermal young fibroblasts (low-passage number) with senescent cells (high-passage number) in Transwells, in which the two cell types are separated by a semipermeable membrane. Young fibroblasts in coculture showed decreased collagen type I alpha 1 chain and elastin gene expression, and increased matrix metalloproteinase 1 (MMP1) gene expression. To identify causative factors, we compared gene expression of young and senescent cells and selected candidate secretory factors whose expression was increased by ≥2.5 in senescent fibroblasts. Then, we used siRNAs to knock down each of the 11 candidate genes in senescent fibroblasts in the coculture system. Knockdown of complement factor D (CFD) in senescent fibroblasts significantly reduced the increase of MMP1 in the cocultured young fibroblasts. In monocultures, treatment of young fibroblasts with CFD resulted in increased MMP1 gene expression, while knockdown of CFD in senescent fibroblasts decreased MMP1 gene expression. In addition, production of CFD was increased in culture medium of untreated senescent fibroblasts. Furthermore, CFD gene and protein expression were increased in the dermal layer of skin specimens from aged subjects (>70 years old), compared to young subjects (<20 years old). Overall, these results suggest that senescent cells negatively influence matrix production and promote degradation of nearby fibroblasts in the dermal layer, in part through secretion of CFD.
senescent cells contribute to age-associated tissue disorders, such as impaired tissue homeostasis and tumorigenesis, because of the impairment of tissue regeneration. 3, 4 Senescent cells have been reported to secrete various cytokines (the socalled senescence-associated secretory phenotype [SASP] ), that influence the tissue microenvironment and disrupt tissue structure and function through a paracrine effect. 5 Indeed, removal of senescent cells has been reported to improve agingassociated disorders in a mouse model. 6 The presence of an aging-induced factor was demonstrated by means of parabiosis experiments. 7, 8 When old mice were surgically linked to young mice so that their blood mutually circulated, some tissues of the young mice developed agingassociated phenotypes, such as delay of regeneration after injury. This effect was mediated by complement factor C1q. 9 On the other hand, complement factor D (CFD) is expressed in various tissues, and has a role in the alternative pathway of complement activation. 10 CFD, which is also known as adipsin, is present in adipose tissue, and may be related to energy homeostasis. 11 But, it is not clear whether CFD production is related to aging. The dermal layer contains abundant extracellular matrix, composed of collagen and elastin, which contribute to skin elasticity and serve to protect the inner tissue and retain the superficial morphology. With aging, the amount of matrix decreases, 12 leading to loss of skin elasticity, delay of wound healing, 13 skin ulcer formation, 14 and changes of superficial morphology. 15 Also, senescent cells have been reported to increase with aging in the dermal layer. 16 However, it is still not clear whether and how senescent cells and SASP contribute to skin aging. herefore, in order to clarify the role of secretory factors released from senescent fibroblasts in the dermal layer, we investigated the effects of senescent dermal fibroblasts on young dermal fibroblasts by using a coculture system in which the two types of cells are separated by a semipermeable membrane. We also aimed to identify the factor(s) mediating these effects.
| EXPERIMENTAL PROCEDURES

| Materials
Adult human (age 21) dermal fibroblasts were established from back skin as previously reported. 17 
| Gene expression analysis of dermal layer
The ethics committee of Shiseido Research Center approved all studies. Informed consent was obtained from each subject prior to all studies. Skin specimens were excised from the inner side of an upper arm of 8 female subjects in their 20s and 70s. The specimens were fixed with OCT compound (Sakura, Tokyo, Japan), and frozen at −80 . Sections of 10 μm were stained with hematoxylin, and then the dermal layer was microdissected and collected in Qiazole for extraction of RNA.
| Histochemistry
Skin specimens fixed with acetone were embedded in paraffin according to the AMeX procedure. 20 Sections of 5 μm were deparaffinized, rehydrated through graded alcohols, and then subjected to staining with hematoxylin-eosin. Frozen skin specimens fixed with OCT compound were sectioned at 8 μm and immunohistochemically stained with anti-CFD antibody with the Envision system.
| Statistical analysis
All data were expressed as means ± SEM. Differences between groups were examined for statistical significance using Student's t test or Dunnett's test as a multiple comparison test. A p-value of less than .05 was considered to indicate a significant difference.
3 | RESULTS 3.1 | Senescent dermal fibroblasts decrease collagen type I alpha 1 chain and elastin gene expression and increase matrix metalloproteinase 1 gene expression of cocultured young fibroblasts
As senescent fibroblasts are reported to increase in the aged dermal layer, 16 we constructed a coculture model in order to examine in detail the influence of senescent cells on young cells. Senescent cells were obtained by long-term culture of adult and neonatal human dermal fibroblasts (more than 3 months; population doubling level [PDL] ≥ 50), 21 and showed slow proliferation (doubling time < 0.5 per week), typical senescent cell phenotype of enlarged cell shape (Figure 1a,b) , beta-galactosidase positivity, and increased p21 gene expression (a senescent cell marker) (Figure 1c ). Since these properties were similar in cells of both origins, we used fibroblasts from adult in the following experiments (neonatal fibroblasts were also used as a source for reference). When young fibroblasts (PDL ≤ 30) were cocultured in Transwells with senescent fibroblasts (about 50 ≤ PDL ≤ 60; Figure 1d ), their gene expression of collagen type I alpha 1 chain (COL1A1) and elastin was significantly decreased, while that of matrix metalloproteinase 1 (MMP1) was significantly increased (Figure 1e-g ). No significant change occurred when young fibroblasts were cocultured with other young fibroblasts (data not shown). Thus, senescent fibroblasts appeared to have a negative influence on fibroblast matrix-related gene expression. Since the two types of cells were separated by a semipermeable membrane, through which cells could not pass, this action is likely to be mediated by a secretory factor. As senescent cells have been reported to secrete various cytokines (SASP), this phenotype is expected to be involved.
| CFD as a mediator of the negative influence of senescent dermal fibroblasts on young fibroblasts
Next, we set out to identify the SASP secreted from senescent dermal fibroblasts. First, we conducted microarray analysis to compare gene expression in young and senescent fibroblasts (Figure 2a) , and selected secretory factors that were increased by 2.5-fold or more in the senescent fibroblasts ( Figure 2b ). Then, each of these candidate genes was knocked down in senescent fibroblasts, which were cocultured with young fibroblasts in the above system, and gene expression changes in the young fibroblasts were examined (data not shown). CFDdirected siRNA almost completely blocked CFD mRNA expression in the senescent fibroblasts (Figure 2c ). This knockdown of CFD in senescent fibroblasts significantly reduced the increment of MMP1 gene expression in cocultured young fibroblasts by about 50% (Figure 2d ), while there was no significant change in COL1A1 or elastin gene expression in the young fibroblasts (data not shown). Knockdown of the other candidate genes had no effect on the negative influence of senescent fibroblasts on young fibroblasts in this coculture system. Thus, CFD appears to mediate the senescent fibroblastinduced increase of MMP1 in young fibroblasts in the coculture system, at least in part.
| Increase of CFD secretion by senescent fibroblasts negatively influences young fibroblasts
Gene expression of CFD was significantly increased in senescent fibroblasts (Figure 3a) , and we also confirmed the increase of CFD in the senescent fibroblasts derived from neonatal dermal fibroblasts from a different source as a reference (Figure 3c ). CFD was also increased in UV irradiation-exposed fibroblasts, which is another model of senescent fibroblasts induced by DNA damage 22 ( Figure S1 ). We further confirmed that CFD protein concentration in the culture medium of senescent fibroblasts was significantly increased (Figure 3b) . To examine the effect of CFD, we added it to a culture of young dermal fibroblasts. We first confirmed that CFD was not cytotoxic by means of Alamar blue assay (Biosource, Camarillo, CA) (data not shown). 23 We observed increased MMP1 gene expression in these fibroblasts (Figure 3d ), in accordance with the change seen in the coculture system of senescent fibroblasts with young fibroblasts. In addition, CFD induced phosphorylation of AKT and AKT downstream molecules, that is, prolinerich AKT substrate of 40 kDa (PRAS40) and BCL2 associated agonist of cell death (Bad), in young dermal fibroblasts as determined with a membrane array system followed by western blotting analysis ( Figure S2a-e) . Interestingly, CFD also increased MMP14 expression, which is regulated by the AKT pathway 24 ( Figure S2f ). Addition of CFD did not induce cell damage, as judged from the absence of any change in apoptosis-related factors, such as caspase 3, in membrane array assay. Intracellular AKT signaling is related to MMP1 induction in human dermal fibroblasts, 25, 26 while the AP-1 signaling pathway is involved in decrease of both COL1A1 and elastin. [27] [28] [29] We also found that knockdown of CFD in senescent fibroblasts decreased MMP1 gene expression in the senescent fibroblasts themselves (Figure 3e ). This was confirmed with another CFD siRNA having a different sequence. Overall, these results suggest that CFD could be a novel SASP secreted from senescent dermal fibroblasts.
| CFD is increased in dermal layer of aged humans
Finally, we examined whether CFD is actually expressed in the dermal layer of aged subjects (in their 70s) and young subjects (in their 20s). Skin biopsies were taken from the upper inner arm (a sun-unexposed area) and the dermal layer was collected with a laser-capture microdissection system (Figure 4a-d) . CFD gene expression in the dermal layer from aged subjects was significantly higher than in that from young subjects (Figure 4e ). Immunohistochemistry confirmed that CFD was increased in the aged dermal layer (Figure 4f,g ). As MMP1 is well established to increase in the aged dermal layer, 30 these results support the idea that CFD could be a novel SASP in the dermal layer.
| DISCUSSION
Our results indicate that senescent dermal fibroblasts negatively influence matrix-related gene expression in nearby young dermal fibroblasts. We showed that CFD is secreted from senescent dermal fibroblasts and fibroblasts in an aged dermal layer, and we also found that CFD increased MMP1 gene expression in both senescent fibroblasts and young fibroblasts. Knockdown of CFD gene expression with siRNA significantly blocked the increase of MMP1 expression. Overall, our findings are consistent with the idea that CFD plays a role, at least in part, in mediating the age-dependent changes of dermal matrix condition.
Senescent fibroblasts showed decreased COL1A1 and elastin gene expression, but inhibition of CFD or addition of CFD had no effect on expression of either gene. It is known that senescent fibroblasts secrete multiple factors, 31 such as prostaglandins. 27 In our coculture system, focusing on secretory proteins, we did not find any protein secreted by senescent fibroblasts that altered COL1A1 and elastin gene regulation, and further study would be needed to clarify the factors involved in suppression of the regulation of these genes. Nevertheless, our findings overall suggest that CFD is a senescence-induced secretory factor that has a negative influence on surrounding fibroblasts. Elastin and collagen type I are decreased in the aged dermal layer, 32 due to both decreased synthesis and increased degradation. 33 In this study, senescent cells decreased the levels of elastin and COL1A1 gene expression in surrounding fibroblasts, but as mentioned above, this effect was not mediated directly by CFD. However, CFD has been reported to possess elastase activity. 34 Our present results also show that CFD induces MMP1, an enzyme that degrades collagen type I and is increased in fibroblasts in the aged dermal layer. 35 Thus, senescent cells could contribute to the age-dependent decrease of elastin and collagen type I through the action of CFD in terms of both degradation of elastin by its intrinsic elastase activity and induction of MMP1, leading to deterioration of the dermal matrix condition. We found that CFD activated the AKT signaling pathway, and this could explain MMP1 induction by CFD, since Chung et al. reported that MMP1 is induced by AKT activation. 25 However, the signaling pathways of AKT remain to be fully established, and further work will be needed to confirm this idea. Targeting SASP could be an important strategy to control the negative influence of senescent cells. But, on the other hand, inhibition of SASP could allow proliferation of DNA-damaged cells to occur, which might lead to tumor progression. Nevertheless, Demaria pointed out that, although MMPs secreted from senescent cells could chronically impair dermal condition, they contribute to the remodeling or hypertrophy of tissue during wound healing. 3 Thus, SASP could have both positive and negative aspects. A better understanding of SASP and of its influence on intracellular signaling in target cells is needed to support the development of specific drugs for aging-related disorders.
In conclusion, our results overall support the idea that senescent dermal fibroblasts, which are associated with aging, negatively influence surrounding fibroblasts via secretory factors. One such factor is CFD, which may be available as a target for control of aging-related dermal disorders.
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